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0 C71) We> SIEMENS AKTIENGESELL- 
SCHAFT, of Berlin and Munici, Gennany, 
a German Company, do hereby declare die 
invention for winch we pray that a patent 
granted to us, and the method by 
which it is to be performed, to be particu- 
lady described in and by the following 



The present invention relates to crystalline 
magnetic semiconductor mat *i*fifa having a 
Curie temperature at leas exceeding normal 
room temperature 

™ xt ? n "magnetic semiconductor 
maosnaT designates «"*renmm which, in 
addition to the electrical conductivity typical 
of a semicoadacror, are siso endowed with 
properties inherent in ferro-magnetic or ferri- 
mntrru^ materials. An essential feature of 



these magnetic properties is the existence of 
a Curie temperature. When the material is 
at temperatures below this Curie 
a feno-magnetic or fexri-magnetic material 
will have a spontaneous m pgnrtir QHgnfrqtt^ 
or, in othe r words, a collective spin orienta- 
tion. At temperatures above die Curie tem- 
perature, however, die material ceases to dis- 
play these magnetic properties which it shows 
at temperatures below the Curie temperature. 

Details of ferro-magnetic and fexri-mag- 
netic semiconductors ate given in prior pub- 
Hcatiaa* notably in Hdv. Phys. Acta , VoL 
i? t V£ 16 (1970)5 Phys, stat Solidi (a), 
VoL 5, jm. 34*-357 (1971); and Zeitschrift f . 
anyw, Bbys ? VoL 32, pp. 80—83 (1971). 

A substantial number of metals are kn own 
which have ferro-magnetic or ferri-magnetic 
properties, with Curie temperatures exceed- 
ing normal ram temperature. A substantial 
number of magnetic semiconductor materials 
arc abo known. However, the Curie tem- 
peratures of the latter are below room tem- 
peraturc. Typical representatives of this group 
are m%mu anrsulphfr^ chrcmium-seleno- and 
dwmdam - halogmo - c halc o g tno magnetic 
spincb. However in spite of intensive research 
no ferrewnagnetic or ferri-magnetic materials 
[Pric* 3Sp] 



have hitherto been found having both semi- 
conductor properties and Curie temperatures 
exceeding normal room temperamr«V^^ 
*ne use of ferro-n&gnetic or ferri-magnetic 
semiconductor materials in electronic com- 
ponent is of mat practical interest. Hov> 
ever* if the Curie temperature is below room 
gycwtme, the appJkaMity of these mat- 
erials is gready restricted, ft is therefore an 
object of the present invention to provide a 
magnetic semiconductor material having a 
Curie te mperature above normal room tem- 
perature, and m particular having a Curie 
exceeding die temperatures nor* 
rt, ~ - in electronic apparatus Of 

are ^^nrrfr senoricon- 

materials having a predetenmned 
Gone temperature. 

Awarding to the invention, there is pro- 
vided a crystalline magnetic semfcondnctor 
mafPri a l hawing a composition " 
to the g^ngrri formula: 

Ax-a^I^Cr-XA 
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w is in die range of 0 to 0.4; 
u is in die range of 0 to 0.1: 
x+x«4; 

z is equal to or greater than 0 and equal 

to or less than 1; 
u+xyfiO; 

A is at least one of the *km-\*i gr 
and Ba; ' 
D is different from A and is at least one of 
the elements Cq, Ag, Au, 14 K and Na. 
or at least one of the ^^mrs V M a, 
I^Co i >Q > Zn > C4Hg > Sn 9 Pbaxidrare 
earth dements (faduding Lu, Y and Sc), 
or at least one of the elements B> AL Ga. 
In, and 71; 
Z is at least one of the dements CL Br 
and I; 
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X is at least one of the s, Se and 

Te, M 
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The value of a is preferably in the range 
(X01 to Oil. Alternatively, u may be 0 and W 
between O01 and (XL 
The materials according to the invention 

5 have a hexagonal structure. 

In pa rt i cu l ar, according to a further feature 
of the invention, X may represent S,', Se/', 
where r*+x"=4, and the values of x* and x" 
areeadx greater than 0 and less than 4* 

10 Preferred specific magnetic semiconductor 
materials according to the invention are copper 
or silver-doped curopjump chromi unhsc len ld S 
in which the europium is in the divalent state 
In these, the europium may be present in 

15 amounts down to 40% (w=0.4) of die 
stoichiometric quantity (yr=oy. 

Curie temperatures in die range of from 
300 to 350°K have been observed with 
copper-doped and silver-doped europium- 

2u chromium sdemdes with a doping amount 
corresponding by wcirfit to a value in the 
range of from u=O.01 to u=0.1. The 
copper-doped europium-chromium sefcnide 
mat e rid can be prepared in various ways. In 

2? addition to the possibility of effecting the 
doping by means of implantation using copper 
sulphide or capper rhiAyfrir as a Co-carrier, a 
particularly advantageous ^thr^f of prepara- 
tion of the copper or silver-doped europium- 

w chromium srifntde is represented by due fid- 



4EuSe+2CrCi 3 +CufAg)-> 

EuCr,Se 4 : Cu(Ag)+3Eua, 

The preparation of die undoped substance 
» is described in detail in Zritsdraft t angew. 
Fhys* VoL 32, pp. 80-83* particularly in the 
left-hand column of page 81. The doping sub- 
stances are intro du ced as the pure elements, 
together with the europium and die 

40 chr om i um chloride, in a subsequently seated 
quarts tube. 
The invention is based on die following 



It was previously known that the Curie tern- 
45 p c ramre values of ^^^TTr^hr™"*"™- 
sulpho-, cadmium-dmaniuxn-sdeno- and cad- 
mium - chromium - hafrppnft - chalcogeno- 
sptnds could be inarased up to 450°Kby 
s ub s tit ution of the divalent by cot>- 

50 pec. However, materials doped in diis manner 
were devoid of semiconductor properties* 
ahhoggh the rarfiirfmiwvmtofnfag starting 
materia l was a semiconductor. It would, there- 
fore, have been easy to assim^ that in chal- 
55 cogeaide of die aforementioned type the dop- 
ing, which raises the Cm i e temperature to 
higher values, would always lead to a loss of 
the semiconductor properties. However, it 
has surprisingly been found that, in substances 
CO corresponding to the general formula ACr-- 
cbakogenide, in which A has the meaning 
given above, and which have a he xa gon a l 
structure, the Curie temperature value can be 



increased by d^pfrg or substitution, without 
loss of the <*rmfiftpdii ft p t properties. 

The reason for this may be attributed to 
the fact that the hexagonal structure is a 
defec t struc ture in which the intended doping 
or siihyinre nt substance can be ^pi^^ 
as an impurity spot. It appears from die 
r es ea r ch leading to the p r esent invention, 
that the raising of die Curie temperature 
results from various effects, e.g. due to the 
implantation of de a ri e or mag**** impurity 
spots in cation or anion locations, in which 
process an additional indirect **^angr inter- 
action, induced by charge-carriers, is a 
achieved. According to the invention, this can 
be specifically achieved, for example, by 
doping with trivalent cations and/or with 
monovalent anions in order to introduce elec- 
trical impurity spots which act as donors. 
The carious for this purpose are At B, Ga, 
In and Tl> while the anions are d, Br and L 
Another useful way of proceeding in this 
respect is doping with monovalent cations 
to introduce electric impurity spots acting 
as acceptors, for which the dements are Cu. 
Ag, Au, Li, K and Na. According to a third 
procedure, this result can also be achieved bv 
doping or substitution with trivalent ions of 
the raze earths, including lutecium, yttrium 
and scandium, or with other transition de- 
r y nr *> to enmple^ with divalent dements 
gjjg groups lib and IVa of the periodic 
system. This third way of proceeding mode 
leads to the introduction of deemed or 
neutral impurity spots aid of decoded or 
neu t ra l magnetic subsritucms into the basic 
material. The *k**M*ntff employed for this 
«*rpo» are V, Mn, Fc, Cb^Nfe Zn, Cd, H* 

According to a further feature of the in- 
v ention, the Curie temperature of a materid 
according to the invention, which has already 
been increased by doping or substitution, can 
also be r edu c ed to a lower value. In partku- 
Iat^Ace by means of the above-described 
coping or substitution, a substantial increase 
of the Curie temperature is produced and 
since the provision of a ^p fri ffc predeter- 
mined value of die Curie temperature can 
not be achieved direcdy in all tmfanrcs, it is 
desirable to find ways of reducing the Curie 
temperature from an excessively high value 
to a relatively lower value. In some applica- 
tions of magnetic semiconductor «**»r>|^ 
cg» in c omponen t s in which a controlled 
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overriding of the Curie temperature during 
operation of die component in question is 130 
d rsirable, it is n e ce ssary to give die Curie 
temperature a p^dftrrmlnn l value, eg. in 
fcerwige slightly above room temperature. 
According to this further feature of the in- 
vention, a lowering of die Curie temperature 125 
can be achieved by varying the volume of the 
unit cell and the c oncomit ant variation of 
die direct and indirect (superexchange) inter- 
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action, m paraealar by gnbstitatioa of cations 
and/or amons. For this purpose the anion of 
the materia l may be substituted by a mature 
oftwo ox more of the divalent *£m~^ ^ 
2™** Jgfamim and rrnnrfnm. This substitu- 
tion changes the oak cell volume. Substitu- 
tion by a mature of sulphur and selenium is 
particularly *"faMr_ 

in CLAIM IS: — 

1Q L A crystalline magnetic semiconductor 



where 



A l . M D B Cr 3 XrZ, 



w is in the range of 0 to 0.4; 
u is hi the range of 0 to Oil; 

* is equal to or greaser than 0 asd equal 
to or less than 1; 

i is at least one of the elements Sr 
and Ba; * 

D is different from A and is at least one of 
the dements Ag, Au» H K and Na, 
2f "L 1 ^ one of the dements V, Mn. 
R*Cb> Nl Zr* Cd. % Sn, Pb and rare 
earth elements (ioduding Lu, Y and Scl 
ox at least one of the dements B» Al, Ga, 
Id* and Tl; 

Z is at least one of the dements CL & 
and I; ^ 

arid 



X is at least one of t he 
Te. 



S, Seand 



2* A material as claimed in Claim 1 wherein 
u is in the range of O01 to OL 

3. A material as dtimed in datm 1 wherein 
u ts 0 and W is between O01 and ttL 

*; A material as daaned in any one of 
Chums 1 to 3 wherein x is tt 
v !l * TP** «* in Claim 4 wherein 

z and z" it greater than 0 and less than 4. 

4 A material as dahsed in any one of 
asms 1 to 4> wherein X is selenium. 

7. A matrri al as dahn in any one of the 
preceding claims wherein A is divalent euro- 

8. A material as claimed in any one of die 
preceding claims wherein D is copper. 

9. A materia l as riaimrd in any one of 
Qmbb I to 7 wherein D is silver. 

T^Z^^^S** 1 ******* 
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